In the coming years, the gravitational-wave community will be optimizing detector performance to target a variety of astrophysical sources that make competing demands on detector sensitivity in different frequency bands. In this paper we describe a number of technologies that are being developed as anticipated upgrades to the Advanced LIGO detectors and quantify the potential sensitivity improvement they offer. Specifically, we consider squeezed light injection for reduction of quantum noise, detector design and materials changes which reduce thermal noise, and mirrors with significantly increased mass. We explore how each of these technologies impacts the detection of the most promising gravitational-wave sources and suggest an effective progression of upgrades which culminate in a factor of two broadband sensitivity improvement.
INTRODUCTION
A world-wide network of ground-based gravitationalwave detectors [1] [2] [3] promises to begin the era of gravitational-wave astronomy by detecting ripples in space-time produced by astrophysical sources such as binary neutron stars (BNS) and binary black holes (BBH). These kilometer-scale Michelson-style interferometers are designed to detect gravitational-wave strain amplitudes of 10 −23 or smaller.
The canonical figure of merit describing the sensitivity of a detector is its range. In this work we define the average BNS range to be 3 3/64 × 1.8375 1/2.26 times the redshift-corrected luminosity distance at which an optimally oriented and located BNS system consisting of two 1.4 M neutron stars would give a matched-filter signal-to-noise ratio of 8 in a single detector [4] [5] [6] . Similarly, we also consider the range to which a BBH system consisting of 10 M black holes can be detected. The baseline Advanced LIGO interferometers should achieve a BNS range of up to 220 Mpc and a BBH range of up to 1.3 Gpc.
While Advanced LIGO and other advanced detectors are expected to observe tens of events per year [7] , great benefit can be gained by further extending their astrophysical reach [8, 9] . A 5 to 10 fold strain sensitivity improvement can only be achieved by significantly modifying core components of the existing interferometers [10] , by building a new ultra-high-vacuum envelope to accommodate longer interferometer arms [11] , or both [12] .
In this paper we analyze a progression of upgrades to Advanced LIGO which do not require changes to the current facility and which leverage proven technologies as much as possible. In unison, these upgrades achieve a factor of two broadband sensitivity improvement. This translates into a detection rate increase approaching one order of magnitude, allowing stronger constraints to be placed on source populations and enabling the detection of occasional high SNR events and rare sources.
SENSITIVITY IMPROVEMENT TARGETS
Quantum noise and thermal noise are the principal limiting noise sources in Advanced LIGO (see Fig. 1 ). Quantum noise is produced by shot noise, the statistical fluctuations in the arrival time of photons at the interferometer output, and by radiation pressure noise, the arXiv:1410.5882v1 [gr-qc] 21 Oct 2014 fluctuations in the number of photons impinging on the test masses [13, 14] .
Thermal noise may be explained by the fluctuationdissipation theorem, which connects displacement fluctuations in a system surrounded by a thermal bath with dissipation caused by internal losses [15] . The dominant sources of thermal noise in current interferometric gravitational-wave detectors are the high-reflectivity optical coatings on the test masses (coating thermal noise) and the fused-silica fibers which suspend the test masses against the force of Earth's gravity (suspension thermal noise) [16] .
Squeezed light injection is a proven technique to reduce quantum noise. New lower-loss coating materials or the current optimized amorphous coatings in combination with a larger beam size on the test masses could reduce coating thermal noise by a factor of two or more. Two other possible improvements are considered here: the reduction in suspension thermal noise, which contributes to the total noise below 50 Hz, and a set of heavier test masses, which reduce the impact of radiation pressure noise in the same frequency band. Fig. 1 shows the resulting quantum noise and thermal noise after implementation of all of the improvements discussed in the previous paragraph. Table I shows how subsets of these improvements affect the detector's range. A plausible incremental progression of upgrades is highlighted in blue: (i) quantum noise reduction through squeezed light injection, (ii) a factor of two reduction in coating thermal noise, (iii) a factor of two increase in the mirror mass, and (iv) a factor of two reduction in suspension thermal noise.
Improved quantity
Range [21] ). A number of loss mechanisms couple anti-squeezing into the measurement quadrature [22] . These effects are most noticeable with high levels of injected squeezing and are responsible for the curious double-valued nature of the frequency dependent curves.
In isolation, none of these improvements guarantees more than a 30% increase in range with respect to Advanced LIGO. However, once combined, the range can be approximately doubled. The status and prospects of these technologies are described in the following sections.
SQUEEZED LIGHT FOR QUANTUM NOISE REDUCTION
Squeezed states of light [17] have already been used to improve the sensitivity of gravitational-wave interferometers [18, 19] and are routinely used in GEO600 [20] . However, any reduction in quantum shot noise at high frequencies is accompanied by a commensurate increase in quantum radiation pressure noise. If applied to Advanced LIGO, squeezing would reshape the sensitivity of the detector as a function of frequency to the detriment of BNS range (see Fig. 2 ).
By reflecting a squeezed beam from a detuned highfinesse optical resonator, known as a filter cavity, one can produce frequency dependent squeezing which can simultaneously reduce shot noise at high frequencies and radiation pressure noise at low frequencies [23, 24] . With a realistic implementation of frequency dependent squeezing (see parameters in Table II , and methods described in [22] ), broadband improvements are available, leading to increases of 30% and 15% in BNS and BBH ranges, respectively. With 10 dB of injected squeezing, realis- tic loss mechanisms, mainly the filter cavity intra-cavity loss, limit the range achievable with a 16 m filter cavity to 280 Mpc. A longer filter cavity can mitigate the impact of intra-cavity losses but, as shown in Fig. 2 , would only yield a 10% improvement. For this reason, a 16-20 m filter cavity is the baseline option for upgrading Advanced LIGO [25] . To date, frequency dependent squeezing has only been demonstrated at radio frequencies [26] . The research to transfer this technique to gravitational-wave frequencies is ongoing [22, 27] .
INCREASED MIRROR MASS
Radiation pressure noise scales inversely with the core optics' mass. Increasing the mirror mass is therefore a way of mitigating the impact of radiation pressure noise. The test masses in Advanced LIGO are made from ultralow absorption fused silica. This material is available in sizes allowing for up to about twice the present mass. We thus establish 80 kg as the fiducial mass of our upgraded mirrors. Such an increase demands new suspensions capable of supporting a greater load. However, this can be achieved by mimicking the current suspension design, with straightforward enlargement of springs, fibers and mass elements. The existing seismic isolation system can accommodate the increased mass without modification.
Larger masses should allow the use of larger beams and thus lower coating thermal noise. From this standpoint, the optimal mirror aspect ratio (radius/thickness) is approximately unity. With such a geometry, coating thermal noise amplitude scales as m −1/3 , where m is the mirror mass-if the diffraction loss is held constant. Increased mass also reduces suspension thermal noise. This effect scales as m −1/4 in amplitude [16] and has been included in the values presented in this work.
COATING THERMAL NOISE REDUCTION
The optical coatings used in gravitational-wave detectors have extraordinary optical properties: absorption below 1 ppm, scatter losses around 10 ppm and very tightly controlled reflectivities. Conversely, these coatings are mechanically much more lossy than the mirror substrates on which they are deposited. Thus, they constitute the dominant source of thermal noise [28] .
Coating research has received considerable attention in the past decade as the use of resonant optical cavities has become widespread in frequency standards, gravitational-wave detectors and other optical precision measurements [29] . Informed by this work, the coatings used in Advanced LIGO are composed of alternating layers of amorphous silica and titania-doped tantalum pentoxide [30, 31] . Despite ongoing efforts, amorphous materials which would offer lower losses while maintaining acceptable optical properties have proven elusive [32] . This has led to a search for new coating materials and technologies for use in future gravitational-wave detectors.
One potential solution is the use of crystalline coatings. A leading candidate is epitaxial layers of GaAs and AlGaAs, which can be grown on a GaAs wafer and then transferred to a fused-silica substrate. Multilayer AlGaAs Bragg reflectors have been shown to provide at least a factor of three reduction in the amplitude of coating thermal noise [33] . While crystalline coatings are promising, they have yet to be demonstrated on a 50 cm-scale mirror. Scaling this technology up presents several technical challenges, both in the manufacturing process and in meeting the extremely stringent surfacefigure specification associated with multi-kilometer resonant cavities.
LARGER BEAMS
Increasing the size of the laser beam reflected from the test masses reduces the impact of coating thermal noise in proportion to the beam diameter, simply due to averaging over a larger coating area [29] . While this solution is conceptually simple, feasible beam diameters are limited by optic size, optical stability considerations of the arm cavities and challenges in fabricating suitable mirror surfaces. In the context of Advanced LIGO and current coating technology, even with larger mirrors, no more than a factor of two reduction in coating thermal noise is likely to be achieved without compromising the performance of the interferometer-either due to clipping losses on the optics or angular instabilities in the interferometer [34] .
SUSPENSION THERMAL NOISE REDUCTION
As part of a multi-stage seismic isolation system, the test masses of the Advanced LIGO interferometers are suspended from four 60 cm-long low-loss fused silica fibers. The fibers have a circular cross section whose diameter varies to best cancel thermoelastic damping, to maintain high bounce and violin mode frequencies and to ease handling and bonding to the test masses. Thermal noise from this suspension system dominates the total thermal noise below ∼20 Hz (see Fig. 1 ). Fortunately, several low risk methods are available for reducing suspension thermal noise [35] .
The amplitude of suspension thermal noise scales as 1/l, where l is the length of the suspension fibers. This scaling includes equal contributions from "dissipation dilution" and the improved isolation resulting from a downward shift of the resonant frequency [36] . Further gains can be realized by refining the geometry of the fibre ends to improve dilution factors and by heat treatment of the fibers to reduce surface losses. One recent study estimates that the above techniques can reduce the amplitude of suspension thermal noise by a factor of 2.5 [35] . In this work we conservatively assume a factor of two gain, realizing this improvement solely through increased suspension length and neglecting violin modes.
DISCUSSION
Each of these potential improvements to Advanced LIGO can offer a factor of two reduction in the corresponding noise term. Each noise term contributes significantly at certain frequencies (see Fig. 1 ). But alone, none is sufficiently dominant to make more than a 30% change in the BNS or BBH range (see Table I ). A significant improvement in inspiral range is only realized when they are implemented simultaneously. Fig. 3 conveys the relative importance of each potential upgrade, when evaluating the benefit of each improvement separately-assuming all other improvements have already been made. For example, the quantum noise curve shows the BNS range as function of the measured squeezing at high frequency for an interferometer in which coating thermal noise and suspension thermal noise have been reduced by a factor of two (or ∼6 dB) and the mass of the mirrors has been increased by a factor of two (all with respect to Advanced LIGO). Quantum noise and coating thermal noise are shown to have the largest effect on the BNS range up to 6 dB improvement. Beyond this point, the BNS range for quantum noise does not increase monotonically with the level of detected squeezing. This is similar to Advanced LIGO as shown in Fig. 2 . On the other hand, a 4 km long filter cavity is now significantly more effective, since radiation pressure has become more dominant at lower fre- BNS range as a function of individual improvements. For the quantum noise the horizontal axis depicts the measured squeezing at high frequency, for the mirror mass the increase in mass, for the coating thermal noise and for the suspension thermal noise it shows the reduction factor. For each trace the remaining parameters are held fixed at their higher sensitivity. The four continuous curves intersect at the 6 dB point, where they all yield a factor of two improvement. For this configuration a longer filter cavity is significantly more effective (dashed curve).
quencies. The maximum achievable BNS range is 20% higher with respect to a short filter cavity-bringing the maximum range to 580 Mpc for 6 dB of detected highfrequency squeezing.
Mitigating suspension thermal noise offers relatively modest gains in astrophysical output compared to the other approaches. By extension, this indicates that improvements in noise sources such as seismic noise and gravitational gradient noise, which are also influential at very low frequencies, but less so than suspension thermal noise, will be even less impressive.
For the BNS and BBH systems used to define our figures of merit the sensitivity around 100 Hz is of utmost importance. However, the astrophysical impact of Advanced LIGO will likely not be limited to the detection of compact binaries. Many interesting sources emit gravitational waves in the 300-3000 Hz band; examples include supernovae, rapidly rotating neutron stars, and the merger phase of binary systems with one or two neutron stars. Sensitivity in this frequency range is, however, entirely dominated by quantum shot noise and thus is insensitive to all of the modifications discussed above except squeezed light injection.
CONCLUSIONS
Several improvements to Advanced LIGO will be possible in the next decade. Individually, the upgrades discussed in this paper can be used to target particular frequency bands. When implemented together, they increase the broadband sensitivity by a factor of two, enriching our astrophysical understanding and enhancing the importance of Advanced LIGO as a tool for multimessenger astronomy. The progression of upgrades to Advanced LIGO involving squeezed light, coating thermal noise reduction (either due to new materials or larger beams) and heavier test masses offers a path for improvement beyond Advanced LIGO which will extend the volume of the observable gravitational-wave universe by nearly an order of magnitude. While expected detection rates are currently very uncertain, in the most pessimistic scenario these upgrades will take Advanced LIGO from observing a few events per year to observing few events per month, a critical improvement as the era of gravitational-wave astronomy begins.
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